Context: Determination of arginine vasopressin (AVP) concentrations may be helpful to guide therapy in critically ill patients. A new assay analyzing copeptin, a stable peptide derived from the AVP precursor, has been introduced.
A RGININE VASOPRESSIN (AVP) is a peptide hormone produced in the paraventricular nuclei of the hypothalamus and stored in neurosecretory vesicles of the posterior part of the pituitary gland. Released into the systemic circulation upon osmotic and hemodynamic stimuli, AVP exerts antidiuretic and strong vasopressor effects (1) . As a matter of fact, AVP is one of the most important physiological stress and shock hormones (2) . Accordingly, high AVP concentrations have been measured in different shock states in animals and humans (1) (2) (3) (4) .
Because comparably low AVP plasma concentrations were observed in septic shock patients, relative AVP deficiency has been hypothesized to contribute to the loss of vascular tone in vasodilatory shock patients (5). We and others have shown that exogenous infusion of AVP could reverse even advanced vasodilatory shock states unresponsive to standard catecholamine therapy (1, 2, 6) . This observation has led to the hypothesis that substitution of low AVP plasma concentrations to levels observed in acute shock may restore cardiovascular stability (7) .
If this concept proves beneficial, it would be rational to use AVP plasma levels as a tool to guide AVP therapy. Furthermore, determination of AVP plasma concentrations would be helpful to diagnose pathologies of the vasopressinergic system in patients with perioperative hypotension and chronic angiotensin converting enzyme-inhibitor therapy (8) , prolonged vasopressor drug requirements after severe disease, or in patients with neurological disease and electrolyte disorders, such as the syndrome of inadequate antiduiretic hormone secretion, diabetes insipidus, or cerebral salt waste syndrome (9, 10) . However, currently serious concerns exist about the methodological reliability of laboratory assays determining plasma AVP concentrations. This is largely due to the fact that ex vivo AVP is unstable, largely attached to platelets, and rapidly cleared even at temperatures as low as Ϫ20 C (11, 12) . Although AVP cannot be sensitively detected by sandwich immunoassays, the alter-native RIAs require extensive and time-consuming preanalytical procedures, including radio labeling of AVP and peptide extraction of the samples (11, 13) . Thus, despite its important physiological role, routine measurements of AVP are currently not available to answer urgent clinical questions in the intensive care setting.
Recently, a new sandwich immunoluminometric assay for copeptin has been introduced (14, 15) . Copeptin is a 39-amino acid glycopeptide of currently unknown physiological function. Together with neurophysin II and AVP, it makes up the pre-pro-vasopressin molecule ( Fig. 1) (16, 17) . In contrast to AVP, copeptin is highly stable ex vivo, even for several days at room temperature, and has recently been suggested to be a suitable indirect parameter to assess AVP plasma concentrations in patients with septic shock (14, 15) .
The present study evaluates the correlation between copeptin and AVP plasma concentrations in healthy volunteers and critically ill patients with sepsis, with systemic inflammatory response syndrome (SIRS), and after cardiac surgery, respectively.
Patients and Methods
This study is a post hoc analysis of plasma samples and data from a recent prospective trial examining AVP plasma concentrations in a mixed critically ill patient population (18) . The study was approved by the institutional review board and the ethics committee of the Innsbruck Medical University. The original trial was performed from March 2003 until January 2004 in a 12-bed general and surgical intensive care unit (ICU) in a tertiary university teaching hospital. Written informed consent was obtained from the next relatives of all patients eligible for study enrollment.
Patients
The control group of healthy volunteers consisted of blood donors. After written informed consent was obtained from all subjects, 3 ml of EDTA blood was sampled from each blood donor, and sex, age, and arterial blood pressure were documented.
Patients from the original analysis with the diagnosis of either sepsis (19) or SIRS (19) or patients after cardiac surgery were included into the protocol. Patients were excluded if they were less than 19 yr old, pregnant, suffering from central nervous system pathology, discharged or had died within 24 h after admission to the ICU, or already receiving an exogenous AVP infusion.
Data collection in critically ill patients
Twenty-four hours after admission to the ICU, 3 ml of EDTA blood was sampled for determination of AVP plasma concentrations. The blood was immediately centrifuged in the ICU, and the supernatant EDTA plasma samples were frozen at Ϫ80 C.
At the same time, a multiple organ dysfunction syndrome score (20) was documented. Moreover, demographic data, length of ICU stay, as well as patient outcome at discharge from the ICU were reported in every study patient.
Determination of AVP plasma concentrations
After completion of patient recruitment, frozen EDTA plasma samples were transferred to the endocrinology diagnostic laboratory. For measurement of AVP, 0.5 ml EDTA plasma was extracted with 2 ml ethanol and centrifuged, the plasma fraction was frozen in liquid N 2 , and the ethanol fraction was evaporated. The dry residue was then reconstituted in 0.5 ml assay buffer, of which 0.3 ml extract was assayed using a RIA (DRG Diagnostics, Marburg, Germany) (21) . The AVP assay standard calibration curve ranged from 0.5 to 60 pmol/liter, with a detection limit of 0.5 pmol/liter. In case of test results lying significantly out of the clinically expected range, tests were repeated and results reconfirmed. All test results less than or equal to 0.5 pmol/liter (lower limit of the standard calibration curve of the AVP assay) were reimputed based on the age and sex of the covariate, using a multiple imputation procedure (SOLAS 02.10, version 1999; Statistical Solutions Ltd., Saugus, MA) to avoid inclusion of potentially nonquantitative test results (applicable only in the healthy control group).
Determination of copeptin plasma concentrations
From the original EDTA plasma samples, approximately 250 -500 l was left over and subsequently used for determination of copeptin plasma concentrations. Samples were measured in a blinded way in an external laboratory in Berlin, Germany. The sandwich immunoluminometric assay used to evaluate copeptin levels has recently been described in detail (14) . Briefly, 50 l of EDTA plasma was incubated with antibodies diluted in 200 l of standard assay buffer under agitation (170 -300 rpm) at room temperature (18 -24 C) for 2 h. The polyclonal antibodies used were directed against the amino acid sequence 132-164 of pre-pro-vasopressin. The test tubes were then washed four times with 1 ml LUMI test wash solution (B.R.A.H.M.S. AG; Hennigsdorf, Germany), and bound chemoluminescence was measured for 1 sec per tube with a LB952T luminometer (Berthold; Wildbad, Germany). The analytical detection limit of the assay is 1.7 pmol/liter; its interlaboratory coefficient of variation is less than 20% for values higher than 2.25 pmol/liter.
Study end points
The primary end point of the study was to evaluate copeptin plasma concentrations and the correlation between copeptin and AVP plasma concentrations in healthy volunteers and critically ill patients with sepsis, with SIRS, or after cardiac surgery, respectively. The secondary end point of this study was to evaluate possible differences in the correlation of copeptin and AVP plasma concentrations between critically ill patients with sepsis, with SIRS, and after cardiac surgery.
Statistical analysis
For statistical analysis, the SPSS software program (version 12.0.1; SPSS Inc., Chicago, IL) was used. One-sample Kolmogorov-Smirnov tests were performed separately for different subpopulations to check for normal distribution of study variables. Normality assumption was approximately fulfilled in all variables except for copeptin and AVP plasma concentrations. However, after ln-transformation, both variables were approximately normally distributed, with homogeneity of variances (Levene's test) between subgroups, and thus fulfilled requirements for the application of parametric statistical methods.
To determine associations between copeptin and AVP plasma concentrations in healthy volunteers and critically ill patients, a correlation and linear regression analysis was performed. To examine differences in the correlation of the two peptides among critically ill patients, a ratio of copeptin/AVP plasma concentrations was calculated. Differences in mean plasma AVP and copeptin concentrations between healthy volunteers and subgroups of critically ill patients, as well as the ratio of copeptin/AVP plasma concentrations between subgroups of critically ill patients were analyzed using a one-way ANOVA. Because of multiple testing between subgroups of critically ill patients, a Bonferroni correction was applied for the comparisons of the one-way ANOVA. Therefore, P values less than 0.017 were considered to indicate statistical significance.
To search for possible causative factors for differences in the means of copeptin/AVP ratios in critically ill patients, a linear stepwise regression model was established. Predictors were selected from the following variables, which were available from the original data set: demographic (age, sex, body mass index, preexistent diseases), clinical [American Society of Anesthesiologists' classification as a dichotomized  FIG. 1 . Structure of pre-pro-vasopressin.
indicator variable (categories 1-3 vs. 4 and 5), preoperative ejection fraction, therapeutic intervention severity and simplified acute physiology score within 24 h after ICU admission (22) , multiple organ dysfunction syndrome score count, length of ICU stay, ICU outcome], hemodynamic (heart rate; systolic arterial blood pressure; mean arterial blood pressure; central venous pressure; mean pulmonary arterial pressure; pulmonary capillary wedge pressure; cardiac index; stroke volume index; systemic vascular resistance index; as well as norepinephrine, milrinone, and epinephrine requirements at the time of blood sampling), and laboratory data (platelet count, plasma concentrations of sodium, creatinine, troponin I, C-reactive protein, and arterial lactate at the time of blood sampling). Based on univariate comparisons and a stepwise variable selection procedure based on the probability of the F-statistics only, covariates that showed a significant effect on the AVP/copeptin ratio were included into the final model to exclude interactions of covariates. All data are given as mean values Ϯ sd, if not indicated otherwise.
Results
The study protocol included 157 critically ill patients (sepsis, n ϭ 25; SIRS, n ϭ 36; patients after cardiac surgery, n ϭ 96), as well as 70 healthy volunteers. Test results of eight healthy volunteers were excluded because of test results at or below the lower detection limit of the AVP assay. Table 1 displays demographic and clinical data of the respective study groups. Patients with SIRS (hemorrhagic shock, n ϭ 4; acute respiratory distress syndrome, n ϭ 6; after abdominal surgery, n ϭ 19; after cardiopulmonary resuscitation, n ϭ 4; acute pancreatitis, n ϭ 2; acute renal failure, n ϭ 1) were significantly younger than patients with sepsis and after cardiac surgery (P ϭ 0.001). Patients with sepsis had a significantly higher degree of multiple organ dysfunction than patients with SIRS or after cardiac surgery (P Ͻ 0.001).
There were significant differences in mean copeptin and AVP plasma concentrations among groups. Mean copeptin plasma concentrations were significantly higher in critically ill patients (87 Ϯ 77 pmol/liter) when compared with healthy controls (6 Ϯ 3 pmol/liter) (P Ͻ 0.001). Copeptin plasma concentrations in patients after cardiac surgery (101 Ϯ 82 pmol/liter) were significantly higher than in patients with sepsis (52 Ϯ 30 pmol/liter) and SIRS (88 Ϯ 89 pmol/liter) (P ϭ 0.003). Similarly, AVP concentrations in critically ill patients (12.8 Ϯ 22 pmol/liter) were significantly higher than in healthy controls (1.1 Ϯ 0.4 pmol/liter) (P Ͻ 0.001); patients after cardiac surgery (17.8 Ϯ 27.9 pmol/liter) had higher AVP plasma concentrations than patients with sepsis (5.2 Ϯ 3.5 pmol/liter) and SIRS (8.1 Ϯ 8.3 pmol/liter) (P ϭ 0.003).
Independent of the presence of critical illness or the diagnoses of sepsis, of SIRS, or status after cardiac surgery, plasma concentrations of copeptin and AVP were significantly correlated with each other (Fig. 2) .
A ratio of copeptin/AVP plasma concentrations of 5.9 Ϯ 2.9 [confidence interval (CI) 95%, 5.2-6.5] was observed in healthy volunteers. Critically ill patients with sepsis (12 Ϯ 7.4; CI 95%, 9.6 -14.4) and with SIRS (16.7 Ϯ 21.4; CI 95%, 9.4 -23.9) exhibited a significantly higher ratio of copeptin/ AVP plasma concentrations than patients after cardiac surgery (9.5 Ϯ 6.2; CI 95%, 8.2-10.8; P ϭ 0.012). Out of all demographic, clinical, hemodynamic, and laboratory parameters, only the American Society of Anesthesiologists' classification (categories 1-3 vs. 4 and 5; standardized regression coefficient, 0.176; P ϭ 0.046) and plasma concentrations of the C-reactive protein (standardized regression coefficient, 0.241; P ϭ 0.006; Fig. 3 ) were significantly correlated with the ratio of copeptin/AVP plasma concentrations.
Discussion
Copeptin plasma concentrations were significantly higher in critically ill patients, compared with healthy volunteers. Cardiac surgery patients had higher copeptin plasma concentrations than critically ill patients with sepsis and with SIRS. In healthy volunteers as well as in critically ill patients, plasma concentrations of AVP and copeptin correlate significantly with each other. Although the ratio of copeptin/ AVP plasma concentrations was comparable in healthy volunteers and patients after cardiac surgery, it was significantly increased in critically ill patients with sepsis and with SIRS.
The significant correlation between copeptin and AVP plasma concentrations in healthy blood donors, as well as in critically ill patients with sepsis, with SIRS, or after cardiac surgery indicates that both assays measured the result of the same physiological process, namely the secretion of the equimolar proteolytic products of pre-pro-vasopressin from the neurohypophysis (11, 12) . Similarly, a recent study has reported significantly increased plasma copeptin concentrations in patients with septic shock (15), a state in which AVP plasma concentrations have been observed to be significantly elevated, too (2, 4, 18) .
Interestingly, the correlation between AVP and copeptin measurements was lowest in the healthy blood donors group. The reason for this unexpected observation may be the fact that, in contrast to the copeptin assay, the lower detection limit of the AVP assay was well within the range of AVP plasma concentrations in the healthy blood donors a Differences between patients with sepsis, with SIRS, and after cardiac surgery.
group. Thus, approximately 12% of test results had to be excluded because of potentially being nonquantitative measurements. In critically ill patients, on the other hand, AVP plasma concentrations were significantly higher and, in none of the patients, below the lower detection limit of the AVP assay. Based on these results, determination of copeptin plasma concentrations in critically ill patients deserves to be evaluated as an indirect laboratory parameter to assess the vasopressinergic system in future studies. In view of the rapid availability of test results, copeptin analysis may be appropriate to answer urgent clinical questions. For the critical care clinician, this could be particularly helpful in patients where knowledge of endogenous AVP concentrations is pivotal for therapy (10) , such as in patients with prolonged perioperative hypotension and ongoing vasopressor drug requirements (8) or patients with neurological disorders and electrolyte disturbances (9) .
However, the copeptin/AVP plasma concentration ratio was significantly different among patients after cardiac surgery and critically ill patients with either sepsis or SIRS. In the linear regression model, the copeptin/AVP ratio was significantly correlated with the American Society of Anesthesiologists' classification and plasma concentrations of the C-reactive protein. These results indicate that both the preoperative risk assessment and, in particular, the severity of systemic inflammation contribute to a higher copeptin/AVP ratio. Accordingly, these results are consistent with the clinical observation that both sepsis and SIRS are defined by the presence of systemic inflammation (19) . In contrast, only a minority of patients after cardiac surgery in this study population (25 of 95, 26%) developed SIRS during the first 24 h after surgery. Therefore, for clinical interpretation of copeptin plasma concentrations in critically ill patients, this implies that copeptin tends to overestimate AVP plasma concentrations in critically ill patients with sepsis and SIRS, whereas a comparable ratio of copeptin and AVP plasma concentrations can be found in postoperative cardiac surgery patients as in healthy volunteers.
When interpreting the results of the copeptin/AVP ratio of this study, an important limitation needs to be considered. Because a certain part of test samples in the healthy control group had to be excluded because they were lying below the lower detection limit of the AVP assay, the ratio of copeptin/ AVP plasma concentrations in healthy volunteers may not be appropriate to serve as a standardized ratio. Therefore, no statistical comparisons of the ratio of copeptin/AVP plasma concentrations have been made in this study.
In the 1970s, there have already been attempts to measure another part of the pre-pro-vasopressin molecule, namely neurophysin II. Robertson and colleagues (23, 24) have first described a RIA to determine human neurophysin II. Using this assay in healthy, sitting, normally hydrated subjects of both sexes, plasma neurophysin concentrations were found to be 73 Ϯ 5 pg/ml (mean Ϯ sem, n ϭ 20) (25) . Although showing a highly significant correlation with AVP plasma concentrations in small numbers of selected patients (26, 27) , neurophysin testing in patients with small-cell lung cancer has not gained wide clinical acceptance.
In conclusion, plasma concentrations of copeptin and AVP in healthy volunteers and critically ill patients correlate significantly with each other. The ratio of plasma copeptin and AVP concentrations is increased in patients with sepsis and with SIRS, suggesting that copeptin may overestimate AVP plasma concentrations in these patients.
